Abstract Gut-associated glycoproteins constitute a major group of the circulating excretory antigens produced by human Schistosoma species. The O-glycans of the relatively abundant circulating anodic antigen (CAA) from S. mansoni carry long stretches of unique fi 6(Glc Ab1 fi 3)GalNAcb1 fi repeats. Specific anti-carbohydrate monoclonal antibodies (mAbs) are essential tools for the immunodiagnostic detection of CAA in the serum or urine of Schistosoma-infected subjects. In order to define the epitopes recognised by these anti-CAA mAbs, we screened a series of protein-coupled synthetic di-to pentasaccharide building blocks of the CAA polysaccharide for immunoreactivity, using ELISA and surface plasmon resonance spectroscopy. It was shown that anti-CAA IgM mAbs preferentially recognise fi 6(GlcAb1 fi 3)GalNAcb1 fi disaccharide units. Interestingly, no mouse anti-CAA mAbs of the IgG class were found that bind to the synthetic epitopes, although many of the IgG mAbs tested do recognise native CAA in a carbohydratedependent manner. In addition, both IgM and IgG class antibodies could be detected in human infection sera using the synthetic CAA fragments. These synthetic schistosome glycan epitopes and their matching set of specific mAbs are useful tools that further the development of diagnostic methods and are helpful in defining the immunological responses of the mammalian hosts to schistosome glycoconjugates.
Introduction
Schistosomiasis, which is caused by infection with trematodes of the genus Schistosoma, is one of the most prevalent tropical parasitic diseases. The infection can lead to a debilitating disease with a profound pathology mainly due to granuloma formation caused by schistosome eggs that become lodged in various host organs, particularly the liver. The immunobiology of schistosomiasis comprises complex multi-factorial processes in which many surface antigens and excreted molecules of the parasite play a role. A substantial portion of those molecules that direct the interaction with the host is glycosylated, and it also appears that the major humoral immune response to schistosomes is directed to glycan epitopes on glycoconjugate antigens of different stages of the life-cycle (Cummings and Nyame 1999; Hokke and Deelder 2001) . Abundantly expressed antigens include the gut-associated excretory antigens which are released into the circulation of the host at regular time intervals from the gut of adult schistosomes (Nash et al. 1977; Carlier et al. 1980; Deelder et al. 1980) . Quantitative immunodiagnostic techniques based on the detection of these and other circulating antigens in the urine or serum of infected subjects are increasingly recognised as alternatives to classical methods for the diagnosis of schistosomiasis Nourel Din et al. 1994; Van Lieshout et al. 2000) . Two antigens which have been extensively studied, primarily as immunodiagnostic targets, are the circulating anodic antigen (CAA), a proteoglycan with a strong negative charge at neutral pH, and the circulating cathodic antigen (CCA), a glycoprotein that is neutral or slightly positively charged at neutral pH (Berggren and Weller 1967; Nash et al. 1977; Carlier et al. 1980; Deelder et al. 1980) . Both antigens are demonstrable in the serum and urine of hosts infected with Schistosoma mansoni (Nash 1974; Deelder et al. 1978) . The roles of CCA and CAA in the biology of schistosomes are not clear. It has been suggested that CAA may serve as a lining to protect the schistosome gut against harmful host components. On the other hand, it may also have immunomodulatory functions, e.g. by interaction with the complement system of the host (Van Dam et al. 1993) . About 30% by weight of CAA from S. mansoni is carbohydrate, and the major immunogenic character of CAA is carried by an O-linked polysaccharide composed of multiple repeats of the fi 6(GlcAb1 fi 3)GalNAcb1 fi disaccharide element ( Fig. 1) (Bergwerff et al. 1994) .
A panel of anti-CAA mAbs has been produced over the years from fused spleen cells of mice infected with Schistosoma or immunised with schistosome-derived antigen preparations. Most of these mAbs have been shown to recognise CAA in a carbohydrate-dependent way (Deelder et al. 1996) . Immunodiagnostic detection of CAA results in a nearly 100% specificity (Deelder and Kornelis 1981; Deelder et al. 1989) , and it was hypothesised that this is due to the unique repetitive fi 6(GlcAb1 fi 3)GalNAcb1 fi units of CAA. To structurally define the carbohydrate epitopes involved in immunorecognition by anti-CAA mAbs, di-to pentasaccharide fragments of the major CAA polysaccharide chain were synthesised and subsequently conjugated to bovine serum albumin (BSA) to yield a series of defined neoglycoconjugates ( Fig. 1) (Halkes et al. 1998; Vermeer et al. 2000 ). In the current study, interactions of anti-CAA mAbs with these glycoconjugates were evaluated by ELISA and by surface plasmon resonance (SPR) spectroscopy (BIAcore). 
Materials and methods

Preparation of the neoglycoconjugates
The synthesis of spacer-containing di-(DiCAA), tri-(TriCAA), tetra-(TetCAA) and pentasaccharide (PenCAA) fragments of CAA and the subsequent conversion to BSA conjugates have been reported previously (Halkes et al. 1998; Vermeer et al. 2000) .
Production of monoclonal antibodies
MAbs directed against CAA were produced from hybridomas derived from the spleen cells of schistosome-infected mice or mice immunised with antigen preparations of S. mansoni, Schistosoma haematobium, or Schistosoma japonicum as described by Deelder et al. (1996) . A panel of 24 mAbs, all directed against CAA as determined by immunoelectrophoresis and immunolocalisation (Deelder et al. 1996) , was used for this study. Culture supernatants containing the antibody were used without further purification to study interactions with the synthetic epitopes, unless otherwise stated. Concentrations of mAbs used for the SPR measurements were determined by ELISA.
ELISA screening
Indirect ELISAs were carried out to determine the binding of anti-CAA mAbs to the neoglycoconjugates. Inhibition ELISAs were performed to study the competitive effect of trichloroacetic acidtreated adult worm antigen (AWA-TCA, which contains native CAA) on three selected mAbs. In general, unconjugated BSA was taken as a negative control, incubations were kept for 15 min at 37°C, while plates (Maxisorp, Nunc, Roskilde, Denmark) were shaken (Mushens and Scott 1990) , and absorbance readings were made at 630 nm (A 630 ) within 5 min of the addition of the substrate, with occasional shaking of the plates to ensure linear peroxidase reactivity.
Indirect ELISA
Neoglycoconjugates, AWA-TCA, and control BSA were coated to the plate in phosphate buffered saline (PBS) at 5 lg/ml. Wells were washed with diluted PBS (1:20) and incubated with hybridoma supernatants in 0.3% Tween-20 in PBS (PT). After washing, the plates were incubated with peroxidase-conjugated rabbit antimouse F(ab¢) 2 fragments (Dakopatts, Denmark) 1/1000 in PT. After a thorough final washing, the peroxidase substrate solution [0.42 mM 3,3¢,5,5¢-tetramethylbenzidine (TMB; Polysciences, Warrington, USA), 1.4 mM H 2 O 2 in 0.1 M sodium acetate buffer pH 5.5 (Hancock and Tsang 1986) ] was added, and A 630 measured. The TMB and H 2 O 2 concentrations used were shown to be present in excess amounts (Bos et al. 1981) . At least three A 630 values were determined within 5 min, and transformed into plots of d(A 630 ) values versus time.
Inhibition ELISA
Neoglycoconjugates were coated to the plate as described for the indirect ELISA. Before addition to the wells, mAbs were preincubated with various concentrations of AWA-TCA for 20 min at 37°C. The inhibition ELISA was further carried out as described for the indirect ELISA. Results were expressed as A 630 values, and the percentage inhibition was plotted against the inhibitor concentration.
Human serum samples Serum samples were obtained from Dutch and Surinamese individuals who underwent immunodiagnosis for schistosomiasis at the clinical laboratory of the Leiden University Medical Center. Two routinely used immunoassays (IFA and ELISA, Nash 1974 , Deelder et al. 1980 were performed to diagnose the infection. No further details concerning infection intensity were available. Sera from healthy Dutch donors were used as negative controls.
Surface plasmon resonance studies SPR studies were carried out using a BIAcore 3000 instrument (BIAcore, Uppsala, Sweden). The Sensor Chip CM5 and Amine Coupling Kit were also obtained from BIAcore. The neoglycoconjugates were immobilised at a flow rate of 5 ll/min in 10 mM sodium acetate (pH 4.0) onto a carboxylmethylated dextran CM5 sensor chip by covalent amine coupling until an increase of approximately 3,500-4,500 response units (RU) was observed using described procedures (Van Remoortere et al. 2000 , 2001a . On each CM5 sensor chip there was also a control BSA channel prepared to correct for the buffer-related RU change on injection, matrix effects and non-specific interactions (Myszka 1999) . For binding experiments, 5 ll of undiluted hybridoma supernatant were injected using HEPES-buffered saline (HBS) as an eluent at 25°C and at flow rates of 5 ll/min. Surfaces were regenerated with a 240 s pulse of 20 mM HCl. Several mAbs were subsequently injected at different concentrations at a flow rate of 10 ll/min to study the concentration dependence of the binding.
Results
Screening of anti-CAA mAbs by ELISA
A panel of 24 mAbs that bind to CAA was screened for immunoreactivity with the BSA-conjugated DiCAA, TriCAA, TetCAA and PenCAA, and with AWA-TCA as a positive control. The level of CAA in AWA-TCA is estimated to be in the order of 2.5% w/w (Bergwerff et al. 1994) . Binding of the mAbs to the neoglycoconjugates was first tested by indirect ELISA using undiluted hybridoma culture supernatants. After calculation of the slopes of plots of d(A 630 ) values versus time for samples (S) and native BSA (R), results were expressed as S-minus R-values (Table 1) .
A number of anti-CAA mAbs specifically recognise the synthetic carbohydrate epitopes. The mAbs binding to the neoglycoconjugates are restricted essentially to the IgM isotype. In most cases, DiCAA, TetCAA, and PenCAA were bound moderately to strongly by IgM antibodies, whereas TriCAA gave negative or borderline results. In general, insignificant binding to the neoglycoconjugates was observed for the IgG isotypes, except 120-1B6-A and 145-3C6-A.
Inhibition ELISA Inhibition ELISA was carried out in order to determine the inhibitory effect of AWA-TCA on the binding of mAbs to the synthetic carbohydrate epitopes. The anti-CAA mAbs 27-2E2-A (IgM), 25-9B10-A (IgM) and 147-1B4-A (IgG) were studied in the inhibition assay ( Table 2 ). The concentration of AWA-TCA necessary for the 50% inhibition (I 50 ) of binding of 27-2E2-A and 25-9B10-A to DiCAA, TetCAA, and PenCAA was in the range of 0.3-3 lg/ml, which corresponds to 7.5-75 ng/ml of CAA. No significant data were obtained for IgG mAb 147-1B4-A, which bound only relatively weakly to Di-, Tri-, Tetra-or PenCAA.
Evaluation of mAb-glycoconjugate interaction by SPR analysis For a more extensive characterisation of the interactions between mAbs and CAA glycan fragments, and for validation of the ELISA-screening, the binding of the 24 anti-CAA mAbs with the neoglycoconjugates immobilised on BIAcore sensor surfaces was studied. No non-specific binding of the mAbs to the BSA control reference surface was observed. Regarding the specificity of the anti-CAA mAbs, the BIAcore data supported the outcome of the indirect ELISAs. No significant binding could be detected in the case of the TriCAA-conjugate, and none of the tested IgG subclass mAbs bound to any of the tested glycoconjugates (data not shown).
The concentration dependent characteristics of the mAb-glycoconjugate interactions were further studied by the injection of the antibodies to the sensor surfaces at five different concentrations. Contact times were 420 s for the association phase, and 640 s for the dissociation phase, at a constant flow rate of 10 ll/min. In Fig. 2 , overlay plots are presented to illustrate the concentration-dependent binding characteristics of several mAbs. Injection of the mAbs on to sensor surface channels carrying DiCAA and TetCAA showed comparable results, whereas the PenCAA surface gave somewhat lower binding responses. Kinetic analysis to calculate the absolute affinities of the different antibody-carbohydrate interactions did not give reliable results (data not shown). The IgM antibodies and the neoglycoconjugates are multivalent analytes whereas monovalent analytes would be required for accurate kinetic analysis of affinities by SPR. Depending on the antibody-antigen combination studied, the apparent kinetic rate constants were in the 10 5 -10 8 M )1 s )1 range for k a and 10 )2 -10 )4 s )1 range for k d , giving rise to K A values of 10 6 -10 10 M )1 , which is within the normal range for antigen-antibody interactions.
Immunoreactivity of infection sera with the glycoconjugates
To test the potential of the synthetic oligosaccharides for the detection of serum antibodies, sera obtained from schistosome-infected individuals (n=67) and healthy controls (n=5) were subjected to BIAcore determination of specific IgM and IgG levels according to the previously reported methods (Van Remoortere et al. 2000 , 2001a . The infection sera were studied by IFA and ELISA to determine the presence of IgM against S. mansoni male adult worms and of IgG against S. mansoni soluble egg antigens, respectively, and subsequently categorised into four groups according to the antibody titers (Nash 1974; Deelder et al. 1980) . For each of these groups, the antibody response against TriCAA, TetCAA and PenCAA was evaluated (Table 3 ). In Fig. 3 , an example of an overlay plot of BIAcore sensorgrams is given that illustrates the binding of serum antibodies to the synthetic compounds, corrected for BSA background binding, and including the IgM/IgG determination. Apparently, in contrast to the observations for the mouse mAbs, in infection serum the IgG responses are equally significant as those of IgM. Similarly, it appears that serum responses are in the same range for all conjugates tested, whereas no significant binding could be detected with TriCAA in case of the mAbs. 
Discussion
The structural identification of the immunoreactive part of schistosome glycans is required for understanding the immunological responses of the host against glycoconjugate antigens of the parasite. Moreover, specific antibodies to such antigens can serve as valuable diagnostic and analytical tools. In the case of schistosome infections, the main alternative diagnostic techniques to faecal or urinary egg counts are based on the quantitative determination of circulating antigens using antigen specific mAbs. The immunodiagnostic detection of schistosome antigens, including CAA in serum, has been developed to a routinely applicable technique and is now increasingly used for general applications in the diagnosis of schistosome infections, as well as for basic academic studies (Van Lieshout et al. 2000) . The major purpose of the current study was to evaluate the determinants on the main CAA polysaccharide that are recognised by anti-CAA mAbs. To this end, small synthetic oligosaccharides were coupled to a carrier protein to create the multivalent epitope presentation that is necessary for the affinity enhancement generally observed in interactions between carbohydrates and proteins, including antibodies. The free accessibility of the antibodies to the oligosaccharides was accomplished by the spatial separation of the oligosaccharide from the carrier protein using a nine-atom spacer moiety (Fig. 1) .
The ELISA and SPR data show that several anti-CAA mAbs of the IgM class recognise the disaccharide unit GlcAb1 fi 3GalNAc (DiCAA) that forms the repeating element of the CAA polysaccharide. In this context, it was of interest to determine whether the anti- TriCAA  18  8  8  12  TetCAA  18  5  3  13  PenCAA  18  3  3  3  ++  TriCAA  21  16  12  13  TetCAA  21  15  9  12  PenCAA  21  10  10  8  +++  TriCAA  21  18  17  14  TetCAA  21  19  15  13  PenCAA  21  15  12  11  ++++  TriCAA  7  7  6  7  TetCAA  7  7  6  7  PenCAA  7 CAA mAbs had a higher affinity for a larger epitope consisting of two repeating units, i.e. TetCAA. Unfortunately, the high avidity of the IgM analytes implies that the requirements for the pseudo-first order kinetics necessary to derive accurate SPR kinetic data can not be fulfilled (MacKenzie et al. 1996) . In fact, kinetic analysis using multivalent analytes can cause large discrepancies with thermodynamic binding constants obtained from homogeneous solution methods (Nieba et al. 1996) It is surprising that the majority of the anti-CAA mAbs of the IgG isotype did not bind to any of the epitopes tested. Of the anti-CAA mAbs generated in mice, 60% were of the IgG1 isotype and anti-CAA IgG mAbs effectively bind native CAA in immunoassays (Deelder et al. 1996 and Table 2 ). The carbohydrate part of CAA is thought to be almost solely responsible for the strong immunogenicity of this parasite antigen since TCA treatment of antigen preparations does not destroy the immunoreactivity with anti-CAA mAbs. It was previously suggested that the unique fi 6(GlcAb1 fi 3) GalNAcb1 fi polysaccharide sequence in the O-glycans of CAA is the main antigenic element (Bergwerff et al. 1994) . It is not clear why none of the IgG type mAbs tested here bind to the synthetic glycan epitopes. A potential explanation could be that the IgG mAbs preferentially bind to other CAA-related glycan epitopes. It has been reported that 5% or less of the CAA glycans do not contain the fi 6(GlcAb1 fi 3)GalNAcb1 fi polysaccharide sequence. These glycans may contain the Lewis X repeats that are characteristic for CCA and account for the cross-reactivity of anti-CCA mAbs with CAA (Bergwerff et al. 1994 ). An additional hypothesis may be that IgG mAbs preferentially bind to fi 6(GlcAb1 fi 3)GalNAcb1 fi multimers longer than those tested. Several IgG mAbs (147-1B4-A, 120-1B6-A, 145-3C6-A and 141-5C9-A) bind moderately well to the TetCAA and Pen-CAA conjugates, whereas none bind to DiCAA and TriCAA (Table 2 ). This observation indeed suggests a tendency for anti-CAA IgG mAbs to bind more effectively to longer CAA oligosaccharides, which may partly be due to a higher ordered structure of the longer polymer (Bergwerff et al. 1994; Vermeer et al. 2000 ) .
We observed that from a panel of sera obtained from schistosome-infected humans, the majority contained IgM as well as IgG antibodies to TriCAA and in particular TetCAA and PenCAA (Table 3) . This is surprising in view of the fact that almost no IgG class mAbs bind to the synthetic CAA fragments. Another possible explanation for this apparently contrasting observation may be that the mouse mAbs that were first selected against isolated, intact CAA did not include any IgG reactive to small oligosaccharides in spite of the initial occurrence of these antibodies before selection. To explore the potential of anti-carbohydrate antibodies as markers of infection, studies have been initiated to determine antibody reactivities towards the CAA neoglycoconjugates in the serum of experimentally infected animals. So far it has been shown that chimpanzees infected with S. mansoni produce both IgM and IgG to TetCAA, in particular early during infection (Van Remoortere et al. 2001b ). Other synthetic immunogenic schistosome oligosaccharides including Lewis X, GalNAcb1 fi 4GlcNAc and GalNAcb1 fi 4(Fuca1 fi 2Fuca1 fi 3)GlcNAc were successfully applied to monitor antibody responses in S. mansoni, S. japonicum, or S. haematobium-infected patients (Van Remoortere et al. 2001a ). In addition, these oligosaccharides allowed the characterisation of schistosome-specific mAbs similar to the current study, and it appeared that generally both IgM and IgG type mAbs specific for a particular oligosaccharide epitope occurred (Van Remoortere et al. 2000) .
ELISA and SPR techniques provide simple and rapid mutually corroborating means for studying the binding of mAbs to synthetic glycan epitopes, and most probably antigens in general. In the case of scarcely available and expensive synthetic glycoconjugates like the CAA fragments, SPR is proving to be particularly useful. In conclusion, the synthetic glycoconjugates that represent parts of the CAA-derived polysaccharide, and the identification described here of mAbs immunoreactive with these small glycan epitopes, are important tools that will facilitate further research on schistosome glycan antigens as well as the humoral immune responses in the host.
